The recent transposition to the Y chromosome of the autosomal DAZL1 gene, potentially involved in germ cell development, created a unique opportunity to study the rate of Y chromosome evolution and assess the selective forces that may act upon such genes, and provided a new estimate of the male-to-female mutation rate (α m ). Two different Y-located DAZ sequences were observed in all Old World monkeys, apes and humans. Different DAZ copies originate from independent amplification events in each primate lineage. A comparison of autosomal DAZL1 and Y-linked DAZ intron sequences gave a new figure for male-to-female mutation rates of α m = 4. It was found that human DAZ exons and introns are evolving at the same rate, implying neutral genetic drift and the absence of any functional selective pressures. We therefore hypothesize that Y-linked DAZ plays little, or a limited, role in human spermatogenesis. The two copies of DAZ in man appear to be due to a relatively recent duplication event (55 000-200 000 years). A worldwide survey of 67 men from five continents representing 19 distinct populations showed that most males have both DAZ variants. This implies a common origin for the Y chromosome consistent with a recent 'out of Africa' origin of the human race.
INTRODUCTION
The mammalian X and Y chromosomes are thought to have evolved from a common ancestral pair, the gene content of the non-recombining part of the Y chromosome being reduced by selection to those necessary only for sex differentiation and important male-specific functions, such as germ cell development. New material can also be directly acquired by the Y chromosome by de novo translocation of autosomal genes. According to the hypothesis of Fisher (1) , later developed by Rice (2) and Hurst (3) , any transposed genes involved in male differentiation, and thus increasing male reproductive fitness, would be retained and selected for after translocation. An example of such an acquisition is provided by the translocation of the single copy DAZL1 gene, located on human 3p, to the Y chromosome, resulting in the Y-linked DAZ (deleted in azoospermia) gene cluster (4) (5) (6) (7) (8) . Unlike DAZL1, which remains single copy, DAZ has undergone a complex series of duplications and rearrangements on the Y chromosome, resulting in a gene family all of which is located on distal Yq (7) . Southern blot analysis has shown that DAZ is only present on the Y chromosome of Catarrhini (Old World monkeys, apes and humans), but not in the Platyrrhini (New World monkeys) or any other mammals, indicating that the autosomal copy was translocated to the Y relatively recently, sometime after divergence of Old and New World primates (8) . Since the DAZ cluster is deleted in 5-15% of infertile men with azoospermia and in fewer men with oligozoospermia, this would suggest that Y-linked DAZ has quickly acquired a male-specific function ensuring its retention on the Y chromosome (4, 9, 10) . Formal proof for a direct role in spermatogenesis is lacking, however, as no mutations or small intragenic deletions/rearrangements have been reported to date. DAZ and DAZL1 both code for a protein that has a single RNA binding motif (RBM). In addition, DAZ has a variable number of copies of a 72 nt repeat unit termed a 'DAZ repeat', whereas DAZL1 has only one copy of this motif (4) (5) (6) (7) (8) . Both genes are expressed specifically in the germline, with DAZL1 additionally being expressed in the ovary (4) (5) (6) (7) (8) . The recently cloned boule gene represents a Drosophila homolog of the DAZ/DAZL1 genes, interestingly showing greatest sequence similarity to the autosomal DAZL1 and mouse autosomal Dazl1 genes than to Y-linked DAZ (11) . In Drosophila, loss of boule function results in azoospermia, caused by an apparent block in meiotic division. This provides strong evidence that Dazla/DAZL1 are involved in germ cell development in males and possibly females (11) . 
RESULTS AND DISCUSSION

Sequence comparison of the DAZ and DAZL1 genes
Approximately 2 kb of DNA from the DAZ and DAZL1 genes, containing four introns and five exons from the 5′-end of the gene, were isolated from different species and sequenced (shown schematically in Fig. 1 ). Autosomal DAZL1-containing fragments were amplified from female human, chimpanzee, olive baboon and rhesus monkey (Old World monkeys), capuchin (New World monkey) and, as an outgroup, pig and cow. Similarly, using human DAZ-specific primers we obtained male-specific DAZ sequences from chimpanzee. Two clones were sequenced and used in analysis. Primers common for the DAZ/DAZL1 sequences were used for PCR amplification of genomic DNA from baboon and rhesus monkey. In these two species, in addition to a common male/female band, a second larger male-specific fragment of 2 kb was obtained. After cloning, sequencing and comparison with female DAZL1 fragments, two male-specific clones from baboon and rhesus monkey were used in subsequent analysis. Amplification and cloning of the human male-specific DAZ fragment resulted in isolation of two DAZ types of the clones. The clones have been sequenced and a single nucleotide difference between them was found in the third intron of the DAZ gene. Alignment of the obtained sequences shows their close similarity (the alignment is not shown due to space limitations, but is available upon request). All genomic fragments have the same exon-intron organization with the proper splice sites. One baboon (DAZB1) clone and one rhesus monkey (DAZR1) DAZ clone contain an Alu repeat at the same position in the second intron, indicating their common origin (Fig. 1) . A sequence comparison of the Alu element showed that it belonged to the Catarrhini-specific Alu sub-family. Another rhesus monkey DAZ clone (DAZR2) contains an Alu repeat in the third intron. The DAZL1 fragment from the pig contains a SINE element in the fourth intron. Deduced cDNAs and combined intron sequences have been used to construct evolutionary trees using the neighbor-joining method ( Fig. 2A and B) . As an outgroup for exon sequences we have used the corresponding part of mouse Dazla cDNA (DDBJ/EMBL/GenBank accession no. U38690). Pig and cattle DAZL1 introns were the outgroup for primate sequences.
This resulted in 254 bp used to construct an exon tree and 1016 bp used to construct an intron tree. Both trees are clear DAZ/DAZL1 branching trees: all DAZL1 sequences are clustered together and this sequence analysis showed that the different DAZ copies originate from at least three independent amplifications in several primate lineages. The divergence between DAZL1 fragments is much smaller than between DAZ fragments in both trees. The degree of divergence between sequences corresponds to evolutionary distances between species. Human and chimpanzee as well as baboon and rhesus monkey are clustered together. One DAZ baboon clone (DAZB3) is more separated from both the human/chimpanzee and rhesus/baboon clades. The intron sequence of the capuchin DAZL1 fragment is more distant from the other primates. In the exon tree the capuchin sequence lies between the DAZL1 and DAZ clusters, although the bootstrap value (91%) for this branching shows that this position is not statistically significant. As the length of the branches on the neighbor-joining tree reflects the degree of divergence, it is clear that DAZ introns and exons evolve much faster than those of DAZL1. For example, the total number of nucleotide differences between human/chimpanzee DAZL1 introns is 23 per 1343 (1.7%) (gaps are excluded); exon sequences are identical. The Figure 2 . Phylogenetic tree of (A) exons and (B) introns of the DAZL1 and DAZ genes in primates constructed by the neighbor-joining method. Two programs were used to construct the trees: (i) NJBOOTK2 for the intron trees [using distances described by Kimura (24) ]; (ii) NJBOOTLI for coding sequences [using distances defined by Li (23) 
Rate of male-driven evolution
We used these data to compare the male:female ratio of mutation rate. Restricted recombination between X and Y chromosomes may lead to a higher mutation rate for Y-linked alleles compared with X chromosomal or autosomal alleles, due to the higher number of germ cell divisions in males than in females (12) . If mutations arise mainly due to mistakes during DNA replication, then the male:female ratio of mutation rate (α m ) will be high. Estimates based on intron sequences of the X/Y homologous genes ZFX/ZFY and SMCX/SMCY have produced α values ranging from 4.2 to 12.3 for different introns in higher primates (13) . Using the formula r Y /r A = 2α/(1 + α), where r Y is the rate of nucleotide substitutions in Y sequences and r A is the rate in autosomal sequences, it is possible to calculate α based on the obtained DAZ/DAZL1 intron comparisons (14) . As α increases (up to infinity) the r Y /r A ratio approaches 2. A comparison of human/chimpanzee DAZ and DAZL1 sequences indicated that r Y is equal to 2.4 and r A is equal to 1.5, thus giving a figure of α m = 4. This estimate corresponds remarkably well to that obtained for primates using X/Y homologous genes. However, when we included baboon and rhesus sequences into the same analysis, we obtained r Y /r A > 2, with α becoming negative. This result is difficult to explain within the proposed model and may be attributed to specific features of DAZ. One of these peculiarities is the multiple duplication of DAZ during evolution. Increased variability in Y chromosomal copies may be caused by an intrachromosomal exchange between multiple copies of the gene on the Y chromosome or possibly between Y chromosomal/autosomal homologs. Recently, it has been reported that X-linked genes have a significantly lower rate of synonymous substitutions than autosomal genes (15) . This may be caused by differences in nucleotide substitution rate in different parts of the genome and probably different parts of the chromosomes. It has led to speculation that previous estimates for a male-biased mutation rate are inaccurate, since such an analysis is based on a comparison of X-and Y-linked sequences. The reasons for this observed lower rate of mutation on the X chromosome are presently unknown, but do not impact on the conclusions of the current study.
Conservation of DAZ coding sequences
To determine if there are selective evolutionary forces on the DAZ and DAZL1 gene families, we calculated the rate of nucleotide substitutions in each of the three codon positions of the DAZL1 and DAZ gene families as well as intron substitutions. In the mouse lineage the rate of nucleotide substitutions in the third codon position is 17 times greater than in the first or second codons (Table 1 ). This contrasts with the ratio of nucleotide substitution in the human DAZ lineage, where the ratio between first, second and third codon positions is only 1.3. In addition, the intron substitution rates (which are presumably not under selective pressure) gave a value of 10.1 ± 0.1 for the human DAZ lineage, which is not significantly different from the human DAZ exon substitution rates. This strongly suggests that there are no functional constraints on the evolution of DAZ coding sequences and that the observed divergence is due to neutral drift. To further explore the evolutionary selective pressures we analyzed the relative rates of amino acid substitutions in the DAZ and DAZL1 lineages. A comparison of the frequency of DAZ point mutations at non-synonymous and synonymous codon positions gives the relative frequency of mutations that alter amino acids. A ratio of non-synonymous mutations per non-synonymous site (K a ) and synonymous mutations per synonymous site (K s ) >1 implies that the sequences are responding to a directed evolutionary selection rather than to random drift. Table 2 shows the relative K a /K s ratios based on 198 coding positions for DAZ and DAZL1 lineages. The K a /K s ratios range from 0.04 to 2.5, with the latter value obtained between chimpanzee and human DAZ sequences. These data must be treated with caution as the standard error is high; however, the high K a /K s DAZ ratio strongly contrasts with the K a /K s value of 0.06 between human DAZL1 and mouse Dazl1 genes, which indicates a high degree of amino acid conservation. The rapid divergence of DAZ sequences may be caused by either a strong selective pressure or the gene not being functionally constrained.
Taken together with the data obtained from the analysis of codon usage, we favor the latter explanation. This hypothesis implies that Y-linked DAZ may in fact play a minor or a limited role in spermatogenesis.
Analysis of DAZ polymorphism in different human populations
The two human DAZ clones differed in only 1 nt in the third intron. This T→C transition was confirmed as the only variant in the 1.8 kb fragment by direct sequencing of male-specific PCR products from human genomic DNA. The variant causes the presence or absence of an MboI restriction site. Digestion of amplified genomic chimpanzee and gorilla DNA samples with MboI indicated that the site was present in all copies of DAZ from both species, whereas both a cut and an uncut fragment were observed in the human sample (Fig. 1c) . Therefore, the ancestral form of DAZ in human lineages is the MboI + variant. The T→C transition causing loss of this site presumably occurred sometime in recent human evolution. Indeed, the two copies of human DAZ differ in only 1 in 1361 bp of DAZ intron sequences. Taking into account that the average difference between chimpanzee and human clones is 30.5 bp and the human/chimpanzee lineages diverged ∼6 000 000 years ago, we estimate that the rate of base pair substitution is 1.9 × 10 -3 nucleotide substitutions/site/10 6 years. Thus, the earliest divergence time for the two human DAZ copies is ∼200 000 years ago. A sequence comparison of two cosmids derived from the 5′-end of DAZ genes indicated that this same single T→C substitution was the only change detected within a 5 kbp fragment (4). Thus, using the same calculation of the rate of base pair substitution per 10 6 years for a 5 kb fragment, the duplication in fact could have occurred as early as 55 000 years ago (these dates should be approached with caution, as the statistical analysis is based on a single nucleotide change). To further explore the evolutionary relatedness of the two DAZ variants, we used the MboI polymorphism between the two DAZ genes to screen for the presence or absence of the restriction site in worldwide samples of normal male Y chromosomes (Table 3 ). In most populations both MboI + and MboI -variants of DAZ were present. The exceptions were eight males who lacked the MboI + DAZ variant (a Pygmy, a Tswana, an Australian, three Mongolians, a Finn and a Bulgarian) and four males who carried only the MboI + DAZ variant (three Indians and a Melanesian). In the human DAZL1 gene the negative values are the result of statistical error for estimates of small values of substituton rates in this gene. For mouse Dazl1, human DAZ and human DAZL1, the intron substitution rates were 25.9 ± 1.4, 10.1 ± 0.1 and 2.3 ± 0.05, respectively. The substitution rates were calculated by the Kimura (24) method implemented in the MATDISK2 program (23) . The human DAZ and DAZL1 genes were taken as representatives of DAZ and DAZL1 genes, with mouse Dazl1 as an outgroup in this analysis. Using other species gave similar results. From a comparison of the three selected genes we can estimate the evolutionary rate in each particular evolutionary lineage: the human DAZ lineage (from the common ancestor of DAZ and DAZL1 to the extant human DAZ gene), human DAZL1 lineage (from the same ancestor to the extant human DAZL1 gene) and mouse Dazl1 lineage, which consists of two inseparable parts: from the common ancestor of mouse Dazl1 and human DAZL1 to the extant mouse gene and from the mouse/human ancestor to the DAZ/DAZL1 ancestor. Calculations were based on 198 coding positions using the MATDISLI program developed by Li (23). The fact that most human populations carry both the ancestral and the MboI -DAZ variant suggests a recent common origin for the Y chromosome. As described above, this origin may be between 55 000 and 200 000 years before present, a figure consistent with recent studies of Y chromosome haplotype variation, which indicates a mean time for a common Y ancestor at 188 000 years before present (16) . Such data have been interpreted to support a recent 'out of Africa' hypothesis for the origin of modern man, rather than multi-regional evolution (17, 18) . The out of Africa model proposes that an African population gave rise to a founder population that carried genetic diversity to Asia and Europe. In this study, the four individuals who carried only the ancestral MboI + DAZ variant may be interpreted as representing either a more recent evolutionary deletion event (or independent deletion events) or they may reflect multiple waves of migration out of Africa.
Recent data suggest that Finnish, Siberian and Mongolian populations share a common Y chromosome lineage (19, 20) . Our data indicate that some populations with a central Asian origin have only the MboI -DAZ variant and lack the ancestral MboI + variant. There are several interpretations of these observations. The MboI -DAZ variant Y chromosome may represent either: (i) an independent deletion event that removed the ancestral MboI + DAZ copy; (ii) multiple waves of migration out of Africa of an MboI -DAZ Y haplotype (this variant was also found in two sub-Saharan populations, supporting this idea); (iii) some Asian Y chromosome haplotypes have been shown to be ancestral to African forms, implying that there may at some time have been a flow of genetic markers into Africa from Asia (21) . Additional analysis of other DAZ variants (22) coupled with Y-specific polymorphic markers may resolve some of these questions.
MATERIALS AND METHODS
Amplification of primate genomic DNA by PCR
DNA from male and female lymphocytes was obtained from human, chimpanzee (Pan trogloditus), rhesus monkey (Macaca mulatta), olive baboon (Papio anibus), capuchin (Cebus apella), cow (Bos taurus) and pig (Sus scrofa) using standard procedures. Primate blood samples were obtained from the University of Illinois (Chicago) and the University of Texas (Houston). Genomic fragments from female samples were amplified using primers designed based on the human DAZL1 cDNA sequence. Male-specific fragments were obtained using human DAZ-specific primers. Amplification was performed using a high fidelity Expand Long Template PCR kit from Boehringer according to the manufacturer's instructions. The resulting fragments were cloned into plasmid pCR-T (InVitrogen). Plasmid DNA was prepared from individual clones and sequenced as described previously (8) . Human male-specific PCR fragments have also been directly sequenced using series of primers described previously (8) . Sequence discrepancies between clones have been verified by direct sequencing of the genomic PCR products.
DNA sequencing
Sequence analysis was performed using at least 200 ng purified DNA, 20 ng primer and fluorescently labeled Taq DyeDeoxyt terminator reaction mix (Applied Biosystems) according to the manufacturer's instructions. DNA sequence was determined using a 373A automated DNA sequencer (Applied Biosystems).
Analysis of MboI polymorphism
Genomic DNA, extracted from peripheral blood lymphocytes, was subjected to PCR under standard conditions using the primer pairs DAZ20 (GATCTGTCATGTACATCTTAGCA) and TPX8 (CTATCTTCTGGACATCCAC). This results in an amplification product of 193 bp. Digestion with MboI was performed overnight at 37_C. Complete digestion resulted in bands of 132 and 61 bp, which were resolved by electrophoresis in a 2% agarose gel. Human DNA samples were a gift from Drs Marc Jobling and Chris Tyler-Smith. Additional DNA samples were available in the Laboratoire d'Immunogénétique Humaine, Institut Pasteur.
Sequence comparison and phylogenetic analysis
Evolutionary distances between coding and non-coding parts of genes were calculated by the Li (23) and Kimura (24) methods, respectively. These methods were implemented in the programs MATDISLI and MATDISK2, respectively. The latter method is based on a two-parameter model describing the dependency of the rates of transversional and transitional nucleotide substitutions on the distance between nucleotide sequences. The estimation of these rates is done by counting the transitional and transversional differences between sequences and converting them into distances. The phylogenetic trees were inferred from the evolutionary distances using the neighbor-joining method (25) , which is implemented in two programs, NJBOOTLI and NJBOOTK2. The bootstrap values showing the significance of each branch in the tree were calculated by the CP-bootstrap method (26) . All programs were developed at the University of Texas by A.Zharkikh and are available from the author on request. DDBJ/EMBL/GenBank accession numbers for the DAZ/DAZL1 clones are as follows: chimpanzee DAZL1 (AF053606), olive baboon DAZ1 (AF053607), rhesus monkey DAZL1 (AF053608), capuchin DAZL1 (AF053608), olive baboon DAZ clone 1 (AF072320), olive baboon DAZ clone 3 (AF072321), rhesus monkey DAZ clone 1 (AF072322), rhesus monkey DAZ clone 2 (AF072323), chimpanzee DAZ clone 1 (AF072324), chimpanzee DAZ clone 4 (AF072325).
